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WAVEGUIDE OPTICAL AMPLIFIER 
Field Of The Invention 

[0001] This invention relates to active optical devices, such as amplifiers, that 
operate by stimulated emission, and in particular, to planar waveguide optical amplifiers 
in which pump energy is injected at multiple locations along a doped waveguide. 

Background Of The Invention 

[0002] Optical amplifiers are essential components employed in optical 
communication networks for boosting optical signals weakened by propagation losses, 
splitting and filtering. A number of types of optical amplifiers have been developed. One 
class of optical amplifiers is rare-earth doped optical amplifiers, which use rare-earth ions 
as the active element. The ions are doped in the fiber core and pumped optically to 
provide gain. The silica core serves as the host medium for the ions. While many different 
rare-earth ions such as neodymium, praseodymium, ytterbium etc. can be used to provide 
gain in different portions of the spectrum, erbium-doped optical amplifiers have proven to 
be particularly attractive because they are operable in the spectral region where optical 
loss in the silica core is minimal. Also, the erbium-doped optical amplifier is particularly 
useful because of its ability to amplify multiple wavelength channels without crosstalk 
penalty, even when operating deep in gain compression. 

[0003] There are two primary types of rare-earth doped optical amplifiers, fiber 
optical amplifiers and planar waveguide optical amplifiers. Fiber amplifiers are optical 
glass fibers having cores doped with the optically active element. Waveguide amplifiers 
are planar waveguides fabricated on suitable substrates such as silicon. The planar 
waveguide amplifiers include cores doped with optically active elements. 
[0004] Fiber amplifiers are often favored over waveguide amplifiers in most 
applications because waveguide amplifiers are typically much shorter, requiring a 
correspondingly higher level of doping to achieve the necessary gain of fiber amplifiers. 
Higher levels of doping adversely affect the efficiency of the amplifier. However, 
waveguide amplifiers are easier to manufacture than fiber amplifiers because large 
numbers of them can be fabricated on a single wafer and integrated on the same chip with 
other components making the whole unit less expensive. Therefore, in applications 
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requiring relatively small components, device integration and ease of packaging, it is 
advantageous to use waveguide amplifiers. 

[0005] One problem with waveguide amplifiers in comparison to fiber waveguides is 
their high scattering losses, which may be three orders of magnitude greater than in a 
fiber and which limits the overall gain that can be achieved. 

Summary of the Invention 

[0006] In accordance with the present invention, a planar waveguide optical 
amplifier is provided. The amplifier includes a substrate and an active waveguide formed 
on the substrate for imparting gain to an optical signal propagating therethrough. The 
active waveguide has an input port for receiving an optical signal to be amplified and an 
output port on which an amplified optical signal is directed. A plurality of coupling 
elements are formed on the substrate and are adapted to couple pump power to the active 
waveguide. The plurality of coupling elements are located at predetermined positions 
along the active waveguide. 

[0007] In accordance with one aspect of the invention, the waveguide is a multi- 
component glass waveguide such as a doped silica glass waveguide, for example. 
[0008] In accordance with another aspect of the invention, the predetermined 
positions along the doped waveguide at which the coupling elements are located are 
selected so that the pump power between adjacent ones of the coupling elements 
decreases by at least about 3 dB. 

[0009] In accordance with yet another aspect of the invention, at least one pump 
source is formed on the substrate and optically coupled to at least one of the coupling 
elements for supplying pump power to the active waveguide. 

[0010] In accordance with another aspect of the invention, the plurality of coupling 
elements include a first coupling element arranged to couple pump energy in a direction 
co-propagating with a signal to be amplified and a second coupling element arranged to 
couple pump energy in a direction counter-propagating with the signal. 
[0011] In accordance with another aspect of the invention, the plurality of coupling 
elements include first and second coupling elements which are adapted to couple pump 
energy at a common pump wavelength. Alternatively, the first and second coupling 
elements are adapted to couple pump energy at different pump wavelengths. 
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[0012] In accordance with another aspect of the invention, a method is presented for 
providing pump power to a planar waveguide optical amplifier. The method begins by 
providing an active waveguide formed on a substrate for imparting gain to an optical 
signal propagating therethrough. The active waveguide has an input port for receiving an 
optical signal to be amplified and an output port on which an amplified optical signal is 
directed. The method continues by coupling pump power to the active waveguide at a 
plurality of predetermined positions along the active waveguide. 
[0013] In accordance with another aspect of the invention, the pump power is 
coupled to the active waveguide at a plurality of positions where the pump power 
between adjacent ones of the coupling elements decreases by about 3 dB. 

Brief Description of the Drawings 

[0014] FIG. 1 shows one embodiment of a waveguide optical amplifier constructed 
in accordance with the present invention. 

[0015] FIG. 2 shows a cross-section through the planar waveguide in FIG. 1 taken 
along line A- A. 

[0016] FIG. 3 shows an alternative embodiment of the waveguide optical amplifier 
constructed in accordance with the present invention. 

[0017] FIG. 4 shows another embodiment of the invention in which the active 

waveguide forms a circuitous or serpentine path on the substrate. 

[0018] FIG. 5 shows another embodiment of the invention that employs a pump 

distribution network that receives pump energy from a single pump source. 

[0019] FIG. 6 shows another embodiment of the invention that employs a pump 

distribution network that receives pump energy from two or pump sources and distributes 

it among a plurality of pump transfer waveguides. 

[0020] FIG. 7 shows an embodiment of the invention that employs three pump lasers 
and three optical coupling elements. 

Detailed Description 

[0021] As a preliminary matter, it is worthy to note that any reference herein to "one 
embodiment" or "an embodiment" means that a particular feature, structure, or 
characteristic described in connection with the embodiment is included in at least one 
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embodiment of the invention. The appearances of the phrase "in one embodiment" in 
various places in the specification are not necessarily all referring to the same 
embodiment. 

[0022] One important difference between planar waveguides and optical fiber is that 
scattering losses are much higher in planar waveguides. This limits the overall gain that 
can be achieved with a waveguide optical amplifier because the overall gain increases 
with the total quantity of the active element present in the waveguide. Since the quantity 
of the active element that can be incorporated into the waveguide increases with its 
length, anything such as scattering losses that limits the length of the waveguide will also 
limit its overall gain. It should be noted that it is the scattering of the pump energy and 
not the scattering of the signal that limits the overall gain. This is because a sufficient 
quantity of the active element can be incorporated into each unit length of the waveguide 
so that the gain imparted to the signal is greater than the scattering loss. However, the 
pump energy will be depleted after traversing a certain length of the waveguide because 
of scattering losses. In contrast, in a fiber-based optical amplifier the length of the active 
portion of the fiber does not limit its overall gain because the reduction in pump energy 
arising from scattering is negligible over the entire length of the fiber. Accordingly, in a 
fiber-based optical amplifier pump depletion is only a limiting factor on the overall gain 
at high signal levels, since at these levels the pump energy is significantly reduced as it is 
imparted to the signal. 

[0023] In accordance with the present invention, the length, and hence the overall 
achievable gain, of a waveguide optical amplifier can be increased by injecting pump 
energy at multiple points along the waveguide. In general, additional pump energy is 
injected into the waveguide at those points along its length where the previously injected 
pump energy falls to an undesirably low level because of both scattering of the pump 
energy and the operational conditions of the amplifier. 

[0024] FIG. 1 shows one embodiment of a waveguide optical amplifier 100 
constructed in accordance with the present invention. Waveguide optical amplifier 100 
includes a planar doped waveguide 1 10 in which an optical signal to be amplified 
propagates. Planar waveguide 110 may be a single or multimode waveguide and is doped 
with an active element such as a rare-earth element, e.g., erbium. The waveguide 110 
includes an input port 102 for receiving the optical signal to be amplified and an output 
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port 104 for conveying the amplified optical signal to an external element. The waveguide 
optical amplifier 100 also includes two or more coupling elements 120i, 120 2 , 120 3 . . . 
120 n , for coupling optical pump energy to waveguide 110. Coupling elements 120 are 
located at predefined positions along waveguide 1 10 and are spaced apart from one 
another at intervals that may or may not be equal to one another and which is in part 
determined by the gain profile that is to be achieved along the waveguide. For example, 
the coupling elements can be separated from one another by a distance corresponding to 
some specified decrease, e.g., 3dB, in optical energy at the pump wavelength. Coupling 
elements 120 may be any components that can convey the optical pump energy from a 
pump source to the waveguide 1 10 and may include, for example, directional couplers, or 
MMIs, Coupling elements 120 are configured to strongly couple optical energy at the 
pump wavelength and weakly couple optical energy at the signal wavelength. 
[0025] FIG. 2 shows a cross-section through planar waveguide 1 10 taken along line 
A-A in FIG. 1. As shown, planar waveguide 1 10 includes substrate 200, lower cladding 
layer 202, core layer 204, and upper cladding layer 206. Core layer 204 has an index of 
refraction greater than the index of refraction of lower and upper cladding layers 202 and 
206 so that the optical energy is substantially confined to the core layer 204. Core layer is 
doped with an active element such as a rare-earth element (e.g., erbium). 
[0026] Waveguide 1 1 0 and coupling elements 1 20 1 , 1 20 2 , 1 20 3 . . . 1 20 n may be 
fabricated in a variety of different ways from a variety of different materials. For 
example, silicon technology is often employed to form multi-component glass 
waveguides or waveguide circuits. Doped-silica waveguides are usually preferred because 
they have a number of attractive properties including low cost, low loss, stability, and 
compatibility for coupling to laser diodes, other waveguides, high NA fiber and standard 
fiber. Such a waveguide is fabricated on a carrier substrate, which typically comprises 
silicon or silica. The substrate serves as a mechanical support for the otherwise fragile 
waveguide and it can, if desired, also play the role of the bottom portion of the cladding. 
In addition, it can serve as a fixture to which input and output fibers are attached so as to 
optically couple cores of an input/output fiber to the cores of the waveguide. 
[0027] The fabrication process begins by depositing a base or lower cladding layer of 
low index silica on the carrier substrate (assuming the substrate itself is not used as the 
cladding layer). A layer of doped glass with a high refractive index, i.e., the core layer, is 
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then deposited on top of the lower cladding layer. The core layer is subsequently 
patterned or sculpted into structures required by the optical circuits using photo- 
lithographic techniques similar to those used in integrated circuit fabrication. Lastly, a top 
cladding layer is deposited to cover the patterned waveguide core. The difference in 
refractive index between the core and cladding layers of the waveguide is mostly 
determined by the material system and the fabrication process. In practice, different 
waveguide structures and systems are used for different types of functions and trade-offs 
are made in the core dimensions and the refractive index difference to optimize different 
aspects of optical performance. 

[0028] Those of ordinary skill in the art will recognize that the present invention is 
not limited to silica-based waveguides. More generally, the invention encompasses 
waveguides based on other optically guiding structures such as other multi-component 
glasses or polymeric materials. For example, other glass compositions that may be used 
include oxides of germanium, phosphorus, and boron as well as combinations thereof In 
addition, the glass compositions that are employed may include one or more modifiers 
(e.g., alkali and alkaline elements) as well as a variety of different active elements. 
Moreover, the present invention also encompasses planar waveguides that have a 
different structure and geometry from that shown in FIG. 2. For example, core layer 204 
may comprise a passive layer in addition to the active layer seen in FIG. 2. 
[0029] As is well-known in the art, optical amplification within a doped amplifier 
occurs at predetermined signal wavelengths (for example, Xs =1550 nm) in the presence 
of pump signals at certain wavelengths (for example, if erbium is employed as the active 
element, Xp =980 nm or 1480 nm). Accordingly, the pump energy received by the 
coupling elements 120i, 1202, I2O3, ... 120 n , may be all at the same wavelength (e.g., 
V = kp2= ^p3- . . = Xp n = 980 nm). In general, however, different coupling elements may 
receive different pump energies. In fact, since each pump wavelength offers different 
benefits, each may be used to form an optical amplifier which exhibits attributes of the 
different pump wavelengths. For example, referring again to an amplifier in which the 
active element is erbium, pump wavelengths of both 980 nm and 1480 nm may be used. 
Using a 980 nm pump signal is known to provide relative high gain with relative low 
noise-ideal conditions for a pre-amplifier application. A pump wavelength at 1480 nm is 
known to result in relatively high conversion efficiency —ideal for power boosting 
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applications. Thus, the combination of pump wavelengths can provide an optical 
amplifier with a relatively low amplified spontaneous emission (ASE) in combination 
with a high conversion efficiency. 

[0030] Because in the present invention pump energy is injected at multiple points 
along the doped waveguide the amplifier length, and hence its gain, can be increased 
without being limited by the scattering of the pump energy. This capability is particularly 
advantageous if the amplifier is designed to operate in the L-band (herein defined as the 
spectral range from about 1560-1615 nm), which have features that distinguish it from an 
amplifier designed to work in the heavily used C-band, which is typically defined as the 
spectral range from approximately 1530 nm to 1560 nm. Among the notable differences 
is a relatively flatter gain spectra at low inversions (i.e., 0.4 versus 0.6-0.7), which 
necessitates lengths of erbium doped fiber on the order of about 75 m up to about 300 m 
(for current typical Er concentrations), in contrast to less than about 50 m for 
conventional C-band devices. This is due at least in part to the relatively low emission 
cross section of erbium for wavelengths greater than approximately 1560 nm. 
[0031] While FIG. 1 shows an arrangement in which the pump energy is co- 
propagating with the signal, the present invention also encompasses waveguide optical 
amplifiers in which one or more of the coupling elements are arranged so that pump 
energy counter-propagates with the signal. For example, FIG. 3 shows an embodiment of 
the invention in which two coupling elements 320 1 and 3203 direct pump energy that is 
co-propagating with the signal and two coupling elements 3202 and 3204 direct pump 
energy that is counter-propagating with the signal. In some particular embodiments of the 
invention co-propagating coupling elements 320 1 and 3203 direct pump energy at a 
different wavelength from counter-propagating coupling elements 3202 and 320 4 . For 
instance, in the case of an erbium amplifier, coupling elements 320 1 and 32O3 may direct 
pump energy at a wavelength of 980 nm while coupling elements 3202 and 320 4 may 
direct pump energy at a wavelength of 1480 nm. One advantage of this arrangement is 
that crosstalk between the co-propagating and counter-propagating pump energies is 
minimal because their respective wavelengths are so widely separated. 
[0032] As further indicated in FIG. 3, in some embodiments of the invention filters 
325 1 and 3252 may be optionally positioned in the waveguide 310 between co- 
propagating and counter-propagating coupling elements. The filters 325 1 and 325 2 may be 
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advantageously employed when the co-propagating and counter-propagating pump 
energy have the same wavelengths. In this case the filters 325 1 and 325 2 are configured to 
transmit signal wavelengths while rejecting pump energy wavelengths, thereby 
preventing crosstalk between the oppositely directed pump energies. In some cases the 
filters 325 1 and 3252 may reflect the rejected pump energy so that at least some of it may 
used to further pump the rare earth element. The filters 325 1 and 325 2 may be, for 
example, Multi-Mode Interference (MMI) filters, directional couplers, or any other 
appropriate devices. 

[0033] FIG. 4 shows another embodiment of the invention in which the waveguide 
410 forms a circuitous or serpentine path on the substrate. One advantage of this 
embodiment of the invention is that a long waveguide can be formed with a relatively 
small footprint. Of course, circuitous patterns other than that shown in FIG. 4 can be 
used. For example, in some cases it may be desirable to provide a coiled waveguide 
pattern. 

[0034] In some embodiments of the invention the pump source or sources may be 
waveguide lasers that are directly integrated on the same substrate as the waveguide 
optical amplifier. This is particularly advantageous because all the active and passive 
elements of the waveguide optical amplifier can be conveniently located on a single chip. 
The pump source or sources may be single mode or multimode sources of optical energy. 
[0035] The coupling elements seen in FIGS. 1-4 may each receive pump energy from 
a different pump source or from a common pump source. Moreover, if a common pump 
source is employed, a distribution network may be provided to distribute the pump energy 
to the different coupling elements. For example, the embodiment of the invention shown 
in FIG. 5 includes a pump distribution network 540 that receives pump energy from pump 
source 550. Pump distribution network 540 includes a splitting element 542 and pump 
transfer waveguides 546j, 546 2 , 546 3 , . . . 546 n . The pump transfer waveguides 546i, 546 2 , 
546 3 , ... 546 n are respectively coupled to coupling elements 520i, 520 2 , 520 3 , ... 520 n . 
Pump source 550 and pump distribution network 540 may be advantageously integrated 
on the same substrate with the remaining elements of the amplifier, i.e., coupling 
elements 520 t , 520 2 , 520 3 , ... 520 n and waveguide 510. In some embodiments of the 
invention an active waveguide may be situated between the pump source 550 and the 
pump distribution network. 
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[0036] While pump distribution network 540 may be as simple as a lxN splitter with 
N waveguides for conveying the pump energy from the splitter to the coupling elements, 
more complex arrangements providing additional functionality are also contemplated. For 
example, FIG. 6 shows a pump distribution network 640 that receives pump energy from 
two or pump sources 650 1, 6502, 6503, . . . 650 m and distributes it among pump transfer 
waveguides 646i, 6462, 6463, . . . 646 n . As previously mentioned, pump sources 650i, 
6502, 65O3, ... 650 n may be single or multimode sources. If the pump sources are 
multimode, in one embodiment of the invention one or more of the transfer waveguides 
646 1, 6462, 6463, . . . 646 n may include resonant cavities to select a single mode that is 
transferred to the coupling elements 620 1, 62O2, 62O3, ... 620 n . Moreover, as seen in FIG. 
6, adjustable pump power elements 630 1, 6302, 63O3, . . . 630 n may be respectively situated 
in the pump transfer waveguides 646 1, 6462, 6463, . . . 646 n to provide different amounts 
of pump energy to the coupling elements 620 1, 62O2, 62O3, . . . 620 n , thereby allowing the 
gain profile along the doped waveguide 610 to be adjusted in a controlled manner. A 
number of different components may serve as adjustable pump power elements 630], 
6302, 63O3, ... 630 n , including tunable directional couplers, tunable Mach-Zehnder 
interferometers, and variable attenuators. 

[0037] In some embodiments of the invention one or more isolators or bandpass 
optical filters may be inserted in the signal path between the coupling elements to reduce 
any amplified spontaneous emission and to prevent reflected pump signals from 
interfering with one another. Further, various parameters of the doped waveguide 
amplifiers may be controlled so as to provide desired amplifier characteristics. For 
example, these parameters may include the waveguide dimensions, the dopant 
concentration within the waveguide (and, further, a gradient in dopant distribution within 
the waveguide), the length of the doped waveguide sections, the pump wavelengths and 
pump power. Various combinations of these and other parameters may be controlled to 
provide the desired results (e.g., maximum gain, power boosting, etc.). 

Example 

[0038] To further facilitate an understanding of the invention, but not as a limitation 
thereon, an example of an erbium doped waveguide amplifier employing three pump 
lasers will now be presented. Each pump laser delivers an optical power P in of lOOmW at 
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980 nm. In cross-section the waveguide has a height of 2 microns and a width of 4 
microns. The waveguide is doped with erbium ions providing optical absorption in the 
absence of pump energy of ldB/cm at 980nm and 2dB/cm at 1530nm. When the pump 
energy is applied the erbium absorption decreases so that the pump loss is determined 
primarily by optical scattering from waveguide imperfections, which in this example is 
characterized by an optical scattering a* of 0.2dB/cm. 

[0039] As shown in FIG. 7, the second coupling element is spaced a distance LI 
from the first coupling element and the third coupling element is spaced a distance L2 
from the second coupling element and a distance L3 from the signal output port of the 
waveguide. The total length of the erbium doped waveguide is L=Li+L 2 +L3==lm. The 
position of the second coupling element for optimally coupling light from the 2 nd pump 
laser can be determined from the propagation characteristics of the light from the 1 st 
pump laser. In the limit of a high population inversion, the propagation loss is governed 
by scattering. As a result, the output pump power P out after propagating along length Li is 
given by (in dBm): 

Pout = Pin- a* L, (1) 
[0040] To provide an adequate inversion level at the end of the waveguide P out 
should be greater or equal to kP sat , where k in this example is about 10 for a high NA 
waveguide, which is characterized by a highly nonuniform population inversion across 
the cross-section of its core (in contrast to an EDFA, k is about 2 for power amplifiers and 
4 for low-noise preamplifiers). P sat is the intrinsic saturation power and is given by: 
hvA 

P sa<=-— (2) 

where h is Plank's constant, v is the pump optical frequency, A is the pump modal cross- 
section area (10 |im 2 ), a a is the absorption optical cross-section (10~ 21 cm 2 ), and t is the 
excited state lifetime (10msec). In this case the optimum value of Lj is given by 

A= ^~f*" (3) 
a 

[0041] Using the above parameters, Li is calculated to be about 35cm. Considering 
that the other two pump lasers and coupling elements are identical to the first pump laser 
and coupling element, to a first approximation Li=L 2 =L 3 . Additional considerations arise, 
however, because the higher intensity of the signal at the remote end of the waveguide 
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relative to the front end of the waveguide lowers the inversion level Therefore, a larger 
value of k (1 1 in this case) has to be used to determine L 3 . This calculation gives a value 
of L3 equal to 30cm. 

[0042] The amplifier in this particular example is suitable for L-band (e.g., 
wavelengths of about 1565 - 1620 nm) amplification, in which case 980nm pump lasers 
are replaced by either 1480nm or 1550nm lasers. However, although the pump lasers are 
different, the coupling elements (or the pump distribution network, if provided) remain 
essentially unchanged. 



